ϩ channels initiate and propagate action potentials in excitable cells. Mammalian Na ϩ channels are composed of one pore-forming ␣-subunit and two ␤-subunits. SCN1B encodes the Na ϩ channel ␤1-subunit that modulates channel gating and voltage dependence, regulates channel cell surface expression, and functions as a cell adhesion molecule (CAM). We recently identified scn1ba, a zebrafish ortholog of SCN1B. Here we report that zebrafish express a second ␤1-like paralog, scn1bb. In contrast to the restricted expression of scn1ba mRNA in excitable cells, we detected scn1bb transcripts and protein in several ectodermal derivatives including neurons, glia, the lateral line, peripheral sensory structures, and tissues derived from other germ layers such as the pronephros. As expected for ␤1-subunits, elimination of Scn1bb protein in vivo by morpholino knock-down reduced Na ϩ current amplitudes in RohonBeard neurons of zebrafish embryos, consistent with effects observed in heterologous systems. Further, after Scn1bb knock-down, zebrafish embryos displayed defects in Rohon-Beard mediated touch sensitivity, demonstrating the significance of Scn1bb modulation of Na ϩ current to organismal behavior. In addition to effects associated with Na ϩ current modulation, Scn1bb knockdown produced phenotypes consistent with CAM functions. In particular, morpholino knock-down led to abnormal development of ventrally projecting spinal neuron axons, defasciculation of the olfactory nerve, and increased hair cell number in the inner ear. We propose that, in addition to modulation of electrical excitability, Scn1bb plays critical developmental roles by functioning as a CAM in the zebrafish embryonic nervous system.
Introduction
In addition to well known ion conduction roles, voltage-gated channels regulate processes as diverse as transcriptional regulation, protein scaffolding, cell adhesion, and intracellular signaling (Dolmetsch, 2003; MacLean et al., 2003; MacLean et al., 2005; Gomez-Ospina et al., 2006; Hegle et al., 2006; Kaczmarek, 2006; Levitan, 2006; Kim et al., 2007; Brackenbury et al., 2008a) . In some cases, the latter nontraditional roles of ion channels can occur even in the absence of ion flux. Thus, voltage-gated ion channels have the potential to regulate intercellular and intracellular signaling, and vice versa.
Voltage-gated Na ϩ channels are traditionally considered to be responsible for initiating and propagating action potentials in excitable cells (Catterall, 2000) . Neuronal Na ϩ channels comprise a central, ion-conducting ␣-subunit and two ␤-subunits. Although not part of the ion-conducting pore, ␤-subunits modulate ion channel gating and voltage dependence and regulate Na ϩ channel cell surface expression. Moreover, ␤-subunits possess immunoglobulin superfamily motifs (Isom and Catterall, 1996) and can function as cell adhesion molecules (CAMs), both in the presence and absence of the ion-conducting pore (Isom, 2001) . Thus, ␤-subunits extend the functional capabilities of Na ϩ channels beyond ion flux.
In vitro, homophilic interactions of ␤1 or ␤2 result in cellular aggregation and ankyrin recruitment (Malhotra et al., 2000 (Malhotra et al., , 2002 . ␤1 homophilic cell adhesion promotes neurite extension in vitro (Davis et al., 2004) and Scn1b null mice show defective axon extension and fasciculation in vivo (Brackenbury et al., 2008b) . Interactions of ␤1 or ␤2 with the extracellular matrix molecule tenascin-R influence cell migration (Srinivasan et al., 1998; Xiao et al., 1999) . ␤1 interacts heterophilically with several other CAMs, including contactin, NrCAM, neurofascin, cadherin, and connexin (Kazarinova- . In vivo, for-mation and/or stability of Na ϩ channel signaling complexes at nodes of Ranvier require heterophilic association of ␤1 with contactin and ␤1-mediated neurite outgrowth requires both contactin and fyn kinase (Brackenbury et al., 2008b) . ␤-Subunits also serve as substrates for ␥-secretase and BACE1 in primary neurons, suggesting roles in neuronal development and/or pathophysiology (Kim et al., 2005 (Kim et al., , 2007 Wong et al., 2005) .
We recently cloned the zebrafish gene, scn1ba, encoding a ␤1-subunit that is expressed as two splice variants, scn1ba_tv1 and scn1ba_tv2, but only in excitable cells (Fein et al., 2007) . In contrast, expression of the mammalian SCN1B occurs in both traditionally "nonexcitable" tissues as well as excitable cells Waxman, 1994, 1995; Diss et al., 2004) . On this basis, we hypothesized that zebrafish might express additional SCN1B orthologs. Here, we report the identification of a second ␤1-like paralog, scn1bb, that is not only expressed in excitable tissues but also in the optic nerve myelin sheath, Schwann cells, radial glia, lateral line primordia and neuromasts, olfactory and otic epithelia, and the pronephric duct epithelium. The combined expression patterns of scn1ba and scn1bb resemble that of mammalian SCN1B, consistent with subfunctional partitioning in teleost duplicated genes. Moreover, morpholino knock-down of Scn1bb protein produces defects consistent with misregulation of Na ϩ current and cell adhesion, revealing both traditional and nontraditional roles for Na ϩ channel ␤1-subunits in the developing zebrafish nervous system.
Materials and Methods
Animals. Adult zebrafish (D. rerio) were maintained at the University of Michigan School of Medicine or in the Center for Comparative Medicine at University of Colorado Denver at 28.5°C and bred according to established procedures (Westerfield, 1995) . Animal protocols were approved by the University of Michigan and the University of Colorado Committees on Use and Care of Animals. The transgenic zebrafish line Tg(Hb9: GFP) was obtained from M. Fox and J. Sanes at Harvard University, Cambridge, MA (Flanagan-Steet et al., 2005) .
Cloning. scn1bb was identified by performing a Blast search for zebrafish sequences with significant homology to the rat Scn1b peptide sequence (GenBank AAH94523) (Isom et al., 1992) scn1bb was identified in the EST pool (GenBank EF394326), and the full-length clone was purchased from Open Biosystems. The clone was provided in the pME18S-FL3 vector. The cDNA insert was amplified by polymerase chain reaction using oligonucleotides developed to the pME18S-FL3 vector (5Ј-CTAGCGGCCGCGACCTGC-3Ј and 5Ј-TCATTTTATGTTT-CAGGT-3Ј, forward and reverse, respectively) and ligated into the pGEM-T Easy vector (Promega). scn1bb was subsequently excised with NotI and subcloned into the SP64T-BXN vector (Isom et al., 1992) for electrophysiological recording. Construction of a scn8aa vector for oocyte expression was described previously (Fein et al., 2007) .
Mapping. scn1bb was mapped using the LN54 radiation hybrid panel (Marc Ekker, Loeb Institute). PCR was performed using DNA from each of the 93 cell lines or control DNA as template using scn1bb forward (5Ј-ATGGCTCTGAGAACATCATCG-3Ј) and reverse (5Ј-GTGCACGTCTT-TACTGGTGACCTT-3Ј) oligonucleotides. This reaction resulted in the amplification of a 245 bp product corresponding to scn1bb. PCR products were analyzed on agarose gels to determine which cell lines were positive for scn1bb. Each cell line was scored and the results entered into the LN54 mapping website (http://mgchd1.nichd.nih.gov:8000/zfrh/␤.cgi) which statistically determined the linkage group (LG) for scn1bb.
Antibody and toxin labels. Monoclonal anti-␣-acetylated tubulin and anti-pan-Na ϩ channel antibodies were obtained from Sigma. Polyclonal anti-claudin b was obtained from Dr. A. J. Hudspeth, Rockefeller University, New York, NY. The zn-8 and zrf-1 mouse monoclonals were developed by Dr. B. Trevarrow (Fashena and Westerfield, 1999) and were obtained from the Developmental Studies Hybridoma Bank developed under the auspices of the National Institute of Child Health and Human Development and maintained by the University of Iowa, Department of Biological Sciences. Oregon-Green conjugated phalloidin, Alexa 488 conjugated anti-rabbit IgG and Alexa 594 conjugated anti-mouse IgG were obtained from Invitrogen.
An affinity-purified polyclonal antibody to Scn1bb was generated by Open Biosystems as fee-for-service. The peptide sequence of the epitope was: EHYEFSKVTSKD. Anti-Scn1bb was characterized by Western blot and by immunostaining. Specificity was demonstrated by recognition on Western blots of recombinant Scn1bb protein expressed in transfected cells (supplemental Fig. 1 A, B , available at www.jneurosci.org as supplemental material). cDNAs encoding scn1bb or scn1ba (Fein et al., 2007) were subcloned in the pcDNA3.1-Hygro vector (Invitrogen) and used to transiently transfect Chinese hamster lung 1610 cells (Isom et al., 1995) . Cells grown to 80% confluence in 100 mm dishes were transfected with 8 g of DNA using Fugene 6 reagent (Roche) according to the manufacturer's instructions and harvested 48 h post-transfection. Mouse brain, rat brain, and zebrafish membranes (from whole fish) were prepared as described . Equal aliquots of each protein sample were resuspended in SDS-PAGE sample buffer containing 1% SDS and 500 mM ␤-mercaptoethanol and heated to 70°C for 5 min. Samples were separated on 10% polyacrylamide SDS-PAGE gels and transferred to nitrocellulose. The Western blot was probed with anti-Scn1bb at a dilution of 1:500 followed by goat anti-rabbit secondary antibody conjugated to HRP (1:2000) . Chemiluminescent signals were detected with West Femto reagent (Pierce).
Anti-Scn1bb antibody specificity was further determined by blocking the antibody before performing immunohistochemistry with an equivalent volume of immunizing peptide at a concentration of 1 mg/ml for 1 h at room temperature. This manipulation abolished the immune signal (supplemental Fig. 1C , available at www.jneurosci.org as supplemental material). Anti-acetylated ␣-tubulin antibody was used as a panneuronal marker in this experiment. Anti-Scn1bb or anti-acetylated ␣-tubulin signals were detected using Alexa 488 conjugated anti-rabbit IgG secondary antibody or Alexa 594 conjugated anti-mouse IgG secondary antibody, respectively.
Immunocytochemistry. Immunocytochemistry was performed on whole mount embryos as described (Woods et al., 2006) or on dissected adult optic nerves as described (Voas et al., 2007) . Whole fish were fixed in 4% paraformaldehyde for 30 min; dissected nerves were fixed for 10 min. Embryos were then washed in standard phosphate buffered saline containing 0.8% Triton X-100 (PBT), water, and acetone and then blocked in PBT containing 10% goat serum. Dissected nerves were washed in PBT and then placed directly in the PBT blocking solution containing 10% goat serum. Anti-Scn1bb (1:500), anti-acetylated ␣-tubulin (1:1000), pan Na ϩ channel (1:500), anti-claudin b (1:250), zn-8 (1:200), or zrf-1 (1:10) antibodies diluted in PBT containing 10% goat serum, were applied overnight at 4°C to either preparation. Phalloidin (Invitrogen) was used at a concentration of 1:40. The following day the embryos and nerves were washed with PBT, and secondary antibody diluted in PBT with 10% goat serum, was applied. Anti-Scn1bb antibody signal was detected using Alexa 488 conjugated anti-rabbit IgG. Zn-8, anti-acetylated ␣-tubulin, or pan-Na ϩ channel antibodies were detected using Alexa 594 conjugated anti-mouse IgG. Embryos and nerves were then washed with PBT and mounted for viewing with an Olympus FluoView 500 confocal microscope located in the University of Michigan Department of Pharmacology. Images were collected with FluoView 4.3 software and analyzed with Adobe Photoshop.
Fish were also cryosectioned (10 m) and stained following standard methods . Briefly, fish were fixed for 1 h at room temperature in 4% paraformaldehyde. They were placed in 30% sucrose and stored overnight at 4°C. Fish were then mounted in optimal cutting temperature compound (OCT) on dry ice and stored at Ϫ80°C until slicing. Once sectioned, samples were blocked with phosphate buffer (0.02 M NaH 2 PO 4 , 0.08 M Na 2 HPO 4 ) containing 0.3% Triton X-100 and 10% normal goat serum. Sections were incubated overnight with antiScn1bb antibody (1:500) and anti-acetylated ␣-tubulin antibody (1:2000) at room temperature. Anti-Scn1bb antibody signal was detected using Alexa 488 conjugated anti-rabbit IgG, and anti-acetylated Electrophysiology. Whole-cell recordings from Rohon-Beard (RB) neurons were obtained in situ as described previously (Ribera and Nüsslein-Volhard, 1998; Pineda et al., 2005) . Briefly, 48 hpf embryos were killed in the presence of tricaine and then mounted dorsal side up onto a glass slide. The skin and meninges surrounding the spinal cord were removed. Whole cell patch clamp methods were then used to record Na ϩ currents. Morpholino injections. Morpholino antisense oligonucleotides (MOs) were synthesized by Gene Tools. The Scn1bb MO (Scn1bbMO1) targeted the predicted translation start methionine of scn1bb and had 25 residues with the following sequence:
5ЈAGGTGCCGCACACACTCCT-GCATGG-3Ј. A control MO (Scn1bbCTL), with an inverse sequence was also synthesized (5ЈGGTACGTCCTCACACACGCCGTGGA-3Ј). Scn1bbCTL injected embryos served as controls. A second translation blocking MO (5ЈCGAATGGACGGACAGACGAGCACTC-3Ј), Scn1bbMO2, was also synthesized and yielded similar results to Scn1bbMO1. For simplicity, both translation blocking MOs will be referred to as Scn1bbMO. MOs were injected into the yolk at 1-to 2-cell at concentrations ranging between 2.5 and 4 ng/nl in 1% Fast Green.
Touch sensitivity. To prioritize testing of sensory rather than motor function, we limited our tests of touch insensitivity to embryos that could swim spontaneously with a normal pattern (Pineda et al., 2005) . In brief, with a metal probe, we gently touched the dorsal trunk of the embryo. We waited ϳ3 s and reapplied the probe for a total of 10 trials. Responses were scored as follows: 0, no response; 0.5, nonswimming response (e.g., segmentally restricted trunk bend); 1.0, normal swimming response. The scores of each of the 10 trials were summed to yield final touch response scores between 0 and 10.
Confocal imaging of morphant phenotypes. Three different phenotypes were analyzed in detail on a Zeiss LSM5 Pascal Confocal Microscope: motor axon morphology, hair cell number, and olfactory nerve branching in the olfactory bulb. To analyze motor axon branching, live 72 hpf Tg(Hb9:GFP) embryos injected with either Scn1bbMO or Scn1bbCTL were mounted laterally between two coverslips in 0.5% Low Melting Point Agarose dissolved in Embryo Media with Tricaine. Images were collected as z-stacks and projected for analysis. Approximately 600 m of the trunk was imaged in overlapping z-stacks for each embryo, starting with the third segment. Overlapping projected stacks were aligned using Photoshop. Axon branches were traced in Photoshop and counted for each embryo. To measure the (1) number of branches of the olfactory nerve or (2) the number of hair cells in the otic vesicle, embryos were stained for either acetylated ␣-tubulin or actin (using Phalloidin), respectively. Labeled embryos were laterally mounted in 1% agarose. Images of the olfactory nerve or otic vesicle, respectively, were collected as z-stacks using a 40ϫ objective. The outline of the olfactory nerve was traced in Photoshop and the number of branches within the olfactory pit was counted. Phalloidin-stained hair cell bundles were counted from projected stacks.
Results

Zebrafish scn1bb is homologous to Scn1b and scn1ba
We identified a second SCN1B ortholog in zebrafish, scn1bb (according to the zebrafish nomenclature convention: http://zfin-.org/zf_info/nomen.html) that encodes the protein Scn1bb. Alignment of zebrafish Scn1bb with rat Scn1b shows that the two ␤1-subunit proteins share 51% amino acid identity (Fig. 1 , residues in red), with an additional 16% of residues that are strongly similar, and 11% of residues that have weak similarity. The previously isolated zebrafish ␤1-like ortholog, scn1ba, predicts a protein that shares 65% identity with Scn1bb ( Fig. 1 , residues in green) (Chopra et al., 2007; Fein et al., 2007) .
The Scn1bb sequence contains an N-terminal signal peptide followed by the start of the mature protein at residue A-25 ( Fig. 1 , signal peptides underlined in blue) corresponding to the experimentally confirmed site in Scn1b (Isom et al., 1992) . The amino acid sequences of the three zebrafish ␤1-like subunits predict a single transmembrane domain (Fig. 1 , boxed residues). Similar to Scn1ba (Fein et al., 2007) , Scn1bb contains two conserved cysteine residues that are predicted to form an extracellular Ig loop domain ( Fig. 1 , cysteines in blue and underlined) (McCormick et al., 1998) . Examination of the predicted ␤ sheets of the extracellular Ig loop domain reveals that the residues that lie along the A/A' face, a known site of interaction with the ␣-subunit in mammals, are highly conserved in the zebrafish ␤1 paralogs (McCormick et al., 1998) .
Similar to Scn1ba, Scn1bb contains a conserved tyrosine at position 180 ( Fig. 1 , yellow highlight) that corresponds to tyrosine-181 in Scn1b. This tyrosine has been shown to be important for recruitment of ankyrin, Scn1b subcellular localization, and Scn1b-mediated channel modulation in vitro (Malhotra et al., 2002 (Malhotra et al., , 2004 . In contrast to the 4 predicted N-linked glycosylation sites in mammalian Scn1b or zebrafish Scn1ba, Scn1bb Figure 1 . Alignment of Scn1bb, Scn1ba_tv1, and Scn1b. Numbering of the amino acid residues in this figure corresponds to Scn1bb. Shown in red are the residues that are identical between Scn1bb, Scn1ba, and Scn1b. Residues in purple are residues that are shared by Scn1bb and Scn1b but not shared with Scn1ba. (Scn1ba comprises two different splice variants, Scn1ba_tv1 and Scn1ba_tv2. For purposes of clarity, we have shown the sequence for only one of the two splice variants, Scn1ba_tv1). Residues in green are conserved within the two fish paralogs but not shared with Scn1b. N-terminal signal peptides are underlined in blue. Also indicated in blue are the two cysteine residues in each subunit that are predicted to form the Ig loop domain. Predicted ␤-sheets in the Ig loop domain, based on the crystal structure of myelin P 0 (Shapiro et al., 1996) , are indicated by arrows and labeled with capital letters (A through G). Predicted glycosylation sites at asparagine residues in Scn1bb are indicated by arrowheads at N-90 and N-94. These sites were determined using NetNGlyc 1.0 (http://www.cbs.dtu.dk). Predicted transmembrane spanning segments are indicated as boxed residues. The tyrosine residue, Y-180, homologous to Y-181 in Scn1b (Malhotra et al., 2004 ) is highlighted in yellow. The peptide sequence used for anti-Scn1bb antibody production is underlined in green.
contains only two N-linked glycosylation sites (Fig. 1, N-90 and N-94, arrowheads; NetNGlyc 1.0 -http://www.cbs.dtu.dk), a feature that may result in different effects of each Scn1b paralog on modulation of gating of various Na ϩ channel ␣-subunits (Johnson et al., 2004) .
Map position of scn1bb
Identification of the scn1bb gene in combination with the previous isolation of scn1ba reveals that zebrafish has two genes that are orthologous to the single mammalian SCNB1 gene. Zebrafish scn1bb and the previously identified scn1ba show high sequence similarity, as expected for duplicated genes. Duplicated genes can arise in tandem and reside near each other. Alternatively, duplicated genes, especially in teleosts, can arise by large scale genome duplication. To determine the origins of the multiple SCNB1 orthologs in zebrafish, we first determined whether scn1bb resides near scn1ba, as expected for tandem duplication events, or on another linkage group (LG), consistent with large scale genome duplication. We mapped the position of scn1bb to LG19. The best overall marker linked to scn1bb was Z4379 with a logarithm of the odds (lod) score of 20.1, positioning scn1bb 2.84 cR from Z4379 (http://mgchd1.nichd.nih.gov:8000/zfrh/␤.cgi). In contrast, scn1ba mapped to LG16 (Fein et al., 2007) . Interestingly, LG16 and LG19 have been shown to be a duplicate chromosomal pair, based on analysis of the gene content of these two chromosomes (Woods et al., 2005) , supporting the possibility that scn1ba and scn1bb are duplicates arising from a genome-wide duplication event.
If scn1ba and scn1bb were duplicates, we would expect these genes to be orthologous to and show synteny with the same mammalian gene (Scn1b). A high degree of synteny exists between scn1ba and mouse Scn1b (Fein et al., 2007) . We did not observe synteny between scn1bb and Scn1b. However, chromosomal rearrangements occur during evolution that can obscure the original syntenic relationships between genes (Postlethwait, 2007) . On this basis, we named the new ␤1-like subunit gene scn1bb to reflect its high similarity to its presumed duplicate, scn1ba.
Scn1bb protein expression in central and peripheral glia
We previously reported expression of scn1ba, the gene duplicate of scn1bb, throughout the retina and optic nerve (Fein et al., 2007) . On this basis, we determined the localization of Scn1bb in the retina and optic nerve at 5 dpf in 10 m cryo-sections. In contrast to Scn1ba, we observed no retinal expression of Scn1bb. Interestingly, the only significant anti-Scn1bb staining in this region appeared in cells that surrounded the optic nerve ( Fig.  2 A-C) . As expected, anti-acetylated ␣-tubulin strongly labeled optic nerve axons and some retinal layers but not cells surrounding the optic nerve (Fig. 2 B, ON) (Fein et al., 2007) . The merged image showed no overlap between the expression patterns of the two proteins (Fig. 2C) .
We next compared the localization of Scn1bb to that of voltage-gated Na ϩ channels in isolated optic nerves. Na ϩ channels localize in high density clusters at nodes of Ranvier in central and peripheral myelinated axons in mammals (Girault and Peles, 2002; Kazarinova-Noyes and Shrager, 2002 ) and have been detected in the zebrafish posterior lateral line (PLL) nerve (Woods et al., 2006) . In isolated adult optic nerve preparations, we observed anti-Scn1bb labeled cells wrapping the optic nerve axons (Fig. 2 D, F ) . In contrast, pan-Na ϩ channel ␣-subunit antibody labeled optic nerve axons on which high density clusters (arrowheads), possibly developing hemi-nodes, were evident (Fig.  2 E, F ) . In the merged image, Scn1bb immunoreactivity was limited to the myelinating glial processes in the optic nerve and was absent from the axons (Fig. 2 F) . Importantly, Na ϩ channel ␣-subunit immunoreactivity was absent from the oligodendrocyte processes wrapping the axons, suggesting that Scn1bb is expressed independently of the ␣-subunit and plays a nonconducting role in the myelin sheath.
We also observed expression of Scn1bb in the spinal cord of 72 hpf larvae. Anti-Scn1bb labeled a network of cells with parallel processes at regular intervals (Fig. 2G) . These Scn1bb positive cells were negative for two different neuronal markers, zn8 and ␣-tubulin staining (Fig. 2G , data not shown) (Fashena and Westerfield, 1999) . The Scn1bb immunopositive cells extended long radial processes dorsally, as previously described for radial glia (Fig. 2G) (Lewis and Eisen, 2003) . In addition, peripheral Schwann cells showed Scn1bb immunoreactivity (Fig. 2 H, I , arrows). The identification of the Scn1bb immunopositive cells in the periphery as Schwann cells was made on the basis of their location surrounding peripheral motor nerves (Fig. 2 H, I ) and positive immunoreactivity for zrf-1, an antibody that recognizes the glial marker, glial fibrillary associated protein (Fig. 2 I) . Interestingly, not all of the Scn1bb signal in Figure 2 I is positive for zrf-1, raising the possibility that Scn1bb may be expressed in other cells that ensheath motor nerves, e.g., perineurial glia (Kucenas et al., 2008) .
Scn1bb protein localizes to lateral line structures
The lateral line system in zebrafish mediates behaviors involved in predator avoidance and courtship. The lateral line system consists of nerves and external mechanosensory organs, called neuromasts, that are responsive to changes in water movement (Whitfield, 2005) . Several characteristics of the lateral line made it an attractive system to investigate with respect to Scn1bb. First, the lateral line system consists of both excitable as well as nonexcitable cells. Second, the development of the lateral line system requires interactions among the different cell types, a process that likely involves CAM function.
We first determined whether Scn1bb was expressed early during lateral line development. During formation of the lateral line in the trunk (PLL), neuromasts are deposited by migration of two different primordia, known as prim I and prim II. Prim I migration occurs between 20 and 42 hpf. As prim I migrates posteriorly, it deposits discrete groups of cells, proneuromasts, along the horizontal myoseptum across the full length of the trunk. Sensory axons of the octavolateralis system closely follow this migration (Sapède et al., 2002; Ló pez-Schier et al., 2004) . We detected Scn1bb immunoreactivity in prim I in 28 hpf embryos, during early stages of the migration process (Fig. 3A) . At this time, prim I did not express the neural marker, acetylated ␣-tubulin, but the trailing axon did (Fig. 3A, long arrow) .
At relatively much later stages (3-7 dpf), prim II migrates posteriorly and deposits the secondary neuromasts, thus forming the remainder of the mature posterior lateral line (Sapède et al., 2002) . At 5 dpf, prim II expressed Scn1bb (Fig. 3B) . In addition, Scn1bb localized to newly deposited neuromasts trailing the primordium (Fig. 3B, arrowheads) . At this early stage, the neuromasts were not yet labeled by anti-acetylated ␣-tubulin, although innervating neurites were labeled (Fig. 3B, long arrow) . In contrast, claudin b is expressed in migrating primordial cells similar to Scn1bb (Ló pez-Schier et al., 2004) . We observed no overlap between anti-claudin b labeling in prim II and the trailing neurites labeled by anti-acetylated ␣-tubulin (Fig. 3C) . These results indicate that Scn1bb is present during the early stages of PLL migration similar to claudin b.
In addition to the PLL, zebrafish also have an anterior lateral line system. At 5 dpf, anti-Scn1bb labeled each neuromast in the anterior lateral line (Fig. 3D, arrowheads) . PLL neuromasts were similarly labeled at this stage (Fig. 3E) . In neuromasts, antiacetylated ␣-tubulin identifies hair cell somata as well as the kinocilia projecting from the neuromast hair cell bundle (Raible and Kruse, 2000; Ló pez-Schier et al., 2004). Although acetylated ␣-tubulin and Scn1bb expression were detected in the same neuromast ( Fig. 3D-F ) , the two expression patterns were nonoverlapping. Rather than labeling the kinocilia of the hair cells, as did anti-acetylated ␣-tubulin, anti-Scn1bb labeled the supporting cells found at the base of the neuromast (Fig. 3F ).
Scn1bb protein expression in the olfactory system
Similar to the lateral line, the zebrafish olfactory system develops early and consists of many different cell types (Hansen and Figure 2 . Scn1bb is expressed in optic nerve and spinal cord glia. A-C, Cryosections; scale bars, 25 m. A, At 5 dpf, the retina displays little or no Scn1bb immunoreactivity (green). However, cells surrounding the optic nerve (ON) are strongly Scn1bb immunopositive. B, Acetylated ␣-tubulin (red) staining is observed in layers of the retina (e.g., inner plexiform layer, IPL) and strongly labels the optic nerve (ON). C, The merged image of A and B demonstrates that Scn1bb (green) and acetylated ␣-tubulin (red) immunoreactivites do not overlap in the optic nerve. In addition, the Scn1bb signal surrounds that of the neuronal marker acetylated ␣-tubulin, indicating that Scn1bb immunopositive cells localize to the location of optic nerve myelin. D-F, Dissected optic nerves; scale bars, 10 m. D, We detected strong Scn1bb immunoreactivity in optic nerves dissected from adult zebrafish. E, In addition to Scn1bb, isolated adult optic nerves display axonal expression of pan-Na ϩ channel ␣-subunits (NaCh, red). Na ϩ channel ␣-subunit clusters, possibly hemi-nodes, are indicated with arrowheads. F, The merged image shows that Scn1bb (green) and Na ϩ channel ␣-subunit (red) immunoreactivities are nonoverlapping, consistent with Scn1bb expression in the myelinating glia that ensheath the retinal ganglion cell axons within the optic nerve. G-I, Lateral view of whole mount 72 hpf embryos, anterior to the left, dorsal at the top. Scale bars, 50 m. The dashed white line indicates the ventral boundary of the spinal cord. G, Radial glia (asterisks) in the spinal cord express Scn1bb (green) and can be identified by their characteristic elongated morphology, stretching from the dorsal spinal cord to just above the secondary motor neurons (labeled with zn8, red). H, Scn1bb-positive cells (green, arrows) surround, but do not overlap with, ventral motor neuron axons (labeled with zn8, red). I, Scn1bb (green) colocalizes with the Schwann cell marker zrf-1 (red), suggesting Scn1bb is expressed in Schwann cells (arrows) that ensheath peripheral motor axons.
Zeiske, 1993). We observed expression of Scn1bb in the olfactory pits at 5 dpf in addition to lateral line neuromasts (Fig. 4 A; OP indicates olfactory pits; arrowheads indicate neuromasts). Anti-acetylated ␣-tubulin labeled cilia projecting from olfactory sensory neurons (OSNs) as well as the kinocilia of the intervening supporting cells, as shown previously (Tsujikawa and Malicki, 2004) . Glia-like olfactory supporting cells, also called sustentacular cells (Hegg and Lucero, 2006) , are arranged in a ring at the rim of the olfactory pit, interspersed with ciliated OSN dendritic knobs, resulting in a dense fringe of acetylated ␣-tubulin-positive cilia (Fig. 4 B) (Hansen and Zeiske, 1993) . Merging of these two images showed that Scn1bb and acetylated ␣-tubulin do not colocalize and that expression of Scn1bb is limited to the supporting cells (Fig. 4C) .
At higher magnification, Scn1bb protein was evident in the supporting cell somata but absent from the cilia and the OSN dendritic knobs (Fig. 4 D) . In contrast, anti-acetylated ␣-tubulin showed strong labeling of the outward projecting cilia and weak labeling in the OSN dendritic knobs (Fig. 4 E, arrows) . In the merged image, expression of Scn1bb was observed interspersed between the OSN dendritic knobs, in close apposition to, but not overlapping with, the expression domain of acetylated ␣-tubulin (Fig. 4 F) .
Non-neuronal cells of the inner ear cells also express Scn1bb protein
The zebrafish inner ear sensory system develops early, has multiple cell types and shares structural and functional similarity with the lateral line (Nicolson, 2005) . At 5 dpf, we detected Scn1bb immunoreactivity in the epithelial pillars (ep) around which the semicircular canals form (Fig.  5A ). This was in contrast to the expression of acetylated ␣-tubulin in the kinocilia of the surrounding sensory regions including the anterior macula (am), posterior macula (pm) and posterior cristae (pc) (Fig.  5B) . Merging the two staining patterns revealed nonoverlapping expression of Scn1bb and acetylated ␣-tubulin in inner ear (Fig. 5C ). In addition to the epithelial pillars of the inner ear, anti-Scn1bb also labeled the supporting cells at the base of one of the otic neuromasts (Fig. 5D , arrowhead) (Raible and Kruse, 2000) . In agreement with our previous findings (Fig.  3) , acetylated ␣-tubulin labeled the kinocilia projecting from the center of the neuromast (Fig. 5E, arrowhead) , and its expression was nonoverlapping with Scn1bb (Fig. 5F ). Scn1bb immunoreactivity did (green) and acetylated ␣-tubulin (red) proteins in the migrating prim I lateral line primordium of 28 hpf embryos. The octavolateralis system axons (long arrow), that trail prim I, display acetylated ␣-tubulin immunoreactivity. Scale bar, 10 m. B, In 5 dpf larvae, the prim II lateral line primordium and newly deposited neuromasts express Scn1bb (green). However, prim II (short arrow) and newly deposited neuromasts (arrowheads) do not express acetylated ␣-tubulin. In contrast, an innervating neurite (long arrow) is positive for acetylated ␣-tubulin immunoreactivity. Scale bar, 50 m. C, Similar to Scn1bb, claudin b (arrowheads) is present in prim II in a complementary pattern to anti-acetylated ␣-tubulin. Scale bar, 50 m. D-F, ALL and PLL neuromasts express Scn1bb protein. D, In 5 dpf embryos, anti-Scn1bb (green) specifically reveals neuromasts of the ALL (arrowheads). Scn1bb and acetylated ␣-tubulin (red) are expressed in different domains of the ALL neuromasts. Anti-acetylated ␣-tubulin marks the kinocilia of ALL neuromasts. Scale bar, 100 m. E, In 5 dpf embryos, anti-Scn1bb (green) also is present within the neuromasts of the PLL (arrowheads). Similar to the ALL, Scn1bb and acetylated ␣-tubulin (red) are expressed in different domains of the PLL neuromasts. Scale bar, 100 m. F, Different cell types within a neuromast express Scn1bb (green) and acetylated ␣-tubulin (red). Supporting cells display Scn1bb immunoreactivity, whereas hair cells express acetylated ␣-tubulin (red) in the soma and projecting kinocilia. Scale bar, 10 m. not overlap with another neuronal marker, zn-8 (Fig. 5G-I ) . Together, the data indicate that Scn1bb localizes to non-neuronal cells in neuromasts of the inner ear.
Scn1bb protein localizes to epithelia in the developing kidney
In light of Scn1bb's expression pattern in non-neuronal ciliated cells within sensory structures, we tested whether Scn1bb was expressed in other non-neuronal ciliated cells. Our initial in situ hybridization studies (supplemental Fig. 2 , available at www. jneurosci.org as supplemental material) revealed scn1bb mRNA in the embryonic kidney, or pronephros, an organ composed of ciliated cells. Similar to lateral line neuromasts, the pronephric ducts form from tissue deposits laid by migrating primordia (Drummond et al., 1998) . The ducts comprise polarized epithelial cells that are lined with cilia. Formation of the ducts is completed by 24 hpf (Drummond, 2003 (Drummond, , 2005 . At 28 hpf, the pronephros contained Scn1bb protein within the duct (Fig. 6 A, arrow) . Anti-acetylated ␣-tubulin labeled the cilia lining the length of the ducts, as demonstrated previously (Fig. 6 B) (Drummond, 2005) . When we examined the pronephric duct at higher magnification at the point where the duct reaches the cloaca, we observed that anti-Scn1bb labeled the epithelial cells that line the duct (Fig.  6 D) , whereas anti-acetylated ␣-tubulin labeled the ciliated interior of the duct (Fig. 6 E) . As in the lateral line and inner ear, expression of the two proteins was nonoverlapping (Fig. 6 F) . At even higher magnification, it was evident that Scn1bb is ubiquitously present in the epithelial cells (Fig. 6G) , whereas acetylated ␣-tubulin is expressed in the cilia projecting from these cells (Fig.  6 H) . The expression patterns of the two proteins are in close apposition, but nonoverlapping in the pronephros (Fig. 6 I) .
Scn1bb modulates neuronal function in vivo
To identify in vivo roles of Scn1bb in nervous system function and development, we used a morpholino-based approach to knock-down Scn1bb. We injected embryos with either a translation blocking morpholino targeting Scn1bb (Scn1bbMO) or a control morpholino (Scn1bbCTL). We first tested for roles in ion conduction, as expected for a subunit of voltage-gated sodium channel complexes. Similar to mammalian Scn1b, Scn1bb modulates the tetrodotoxin-sensitive Na ϩ channel ␣-subunit scn8aa (encoding Nav1.6a) when coexpressed in a heterologous system (supplemental Fig. 3 , supplemental Tables 1 and 2 , available at www.jneurosci.org as supplemental material). Whereas our survey of Scn1bb protein expression focused on non-neuronal cell types, we had also detected scn1bb mRNA in RB neurons (supplemental Fig. 2 , available at www.jneurosci.org as supplemental material).
Accordingly, we first tested for in vivo effects on native currents. We recorded Na ϩ currents in RB neurons, because these cells express both scn8aa and scn1bb mRNAs and are accessible to whole-cell recording methods (Ribera and Nüsslein-Volhard, 1998). RB neurons serve as primary mechanosensory neurons for the developing embryo before dorsal root ganglia develop (Clarke et al., 1984) . In contrast to the dorsal root ganglia, RB somata reside within the CNS in the dorsal most aspect of the spinal cord. We found that Na ϩ current peak amplitudes were significantly reduced in Scn1bb morphants compared with controls, consistent with effects observed for heterologously expressed subunits ( Fig. 7A; supplemental Fig. 3 , available at www. jneurosci.org as supplemental material).
The decrease in RB Na ϩ current amplitudes produced by Scn1bb knock-down raised the possibility that the behavior mediated by RB neurons, the touch response, would be defective in morphant embryos. We found that injection of the Scn1bb MO, but not the control MO, led to a significant reduction in touch sensitivity (Fig. 7B) . These in vivo findings indicate that voltage-gated Na ϩ channel function in vivo shows an essential requirement for Scn1bb. . Scn1bb is expressed in the semicircular canals of the inner ear. A, Anti-Scn1bb (green) labels the epithelial pillars (ep) of the semicircular canal in 5 dpf fish. B, Anti-acetylated ␣-tubulin (red) labels the sensory patches found in inner ear (O, otolith; am, anterior macula; pc, posterior crista; pm, posterior macula). C, Merged image shows that expression of Scn1bb (green) and acetylated ␣-tubulin (red) is nonoverlapping. D, Anti-Scn1bb labels the base of the otic neuromast (arrowhead) in addition to the epithelial pillars. E, Anti-acetylated ␣-tubulin labels the kinocilia projecting from the otic neuromast (arrowhead). F, The two expression domains are nonoverlapping. G, Anti-Scn1bb (green) labels the otic vesicle in 72 hpf fish. H, Zn-8 (red). I, Merged image. Scale bars: A-F, 50 m; G-I, 100 m.
Knock-down of Scn1bb produces phenotypes associated with defective CAM function
We examined Scn1bb morphant embryos for phenotypes that have previously been found when either Na ϩ channel ␣-or ␤-subunits have been eliminated during developmental stages (Pineda et al., 2006; Brackenbury et al., 2008b) . We first studied the consequences of Scn1bb knock-down on motor axon morphology because knock-down of the a Na ϩ channel ␣-subunit affects this phenotype. For these experiments we used the Tg(Hb9:GFP) transgenic line that expresses GFP in motor neurons. At 72 hpf, motor axons branched more in Scn1bbMO-injected embryos than in control-injected embryos (Fig. 8 A, B ; 248 Ϯ 51 motor axon branches for Scn1bbMO vs 171 Ϯ 31 motor axon branches for Scn1bbCTL; p ϭ 0.0005, Student's t test), suggesting that Scn1bb plays a role in motor axon branching in zebrafish embryos. Compared with results obtained by knockdown of the Nav1.6a ␣-subunit, encoded by the scn8aa gene (Pineda et al., 2006) , knock-down of Scn1bb produced similar but milder motor axon phenotypes.
On the basis of the Scn1bb expression pattern, we also examined the olfactory system and inner ear for possible defects on knock-down of Scn1bb. The olfactory nerve displayed defective morphology within the olfactory pit. In control embryos, a fasciculated olfactory nerve displayed strong acetylated ␣-tubulin immunoreactivity as it exited the pit and entered the bulb (Fig.  8C) . In contrast, acetylated ␣-tubulin immunoreactivity revealed aberrant fasciculation within the pit of morphant embryos (Fig.  8 D) . Instead of the prominent fasciculated nerve evident at the point of exit from the pit, as in control embryos (Fig. 8C, star) , morphant embryos displayed several acetylated ␣-tubulin positive subdivisions of the nerve within the major compartment of the pit (Fig. 8 D, stars) . Compared with controls, the olfactory nerve of morphants had significantly increased branches within the pit (6 Ϯ 2.28 for Scn1bbMO versus 1.7 Ϯ 0.92 for Scn1bbCTL; p ϭ 0.0001, Student's t test). In the inner ear, there was an obvious increase in the number of hair cells in morphant embryos (Fig. 8 E, F ) . On average, morphant embryos had 88 Ϯ 13 hair cells at 72 hpf, whereas control embryos had only 69 Ϯ 19 hair cells ( p ϭ 0.005).
Overall, our data support the idea that Na ϩ channel ␤1-subunits play multiple important and diverse roles as members of Embryos injected with Scn1bbMO have reduced Na ϩ current amplitudes in RB neurons and display touch insensitivity. A, Peak Na ϩ current in RB neurons average Ϫ1329.5 Ϯ 518.7 pA in embryos injected with Scn1bbCTL (n ϭ 4), but only Ϫ477.2 Ϯ 474.7 in embryos injected with Scn1bbMO (n ϭ 5; p Ͻ 0.05; Student's t test). B, At 48 hpf, embryos injected with Scn1bbMO had an average response to touch of 4.6 Ϯ 2.3 (n ϭ 180), compared with an average response of 6.5 Ϯ 2.4 (n ϭ 180) in embryos injected with Scn1bbCTL ( p Ͻ 0.001; ANOVA). Similarly, 72 hpf embryos injected with Scn1bb had an average response to touch of 5.1 Ϯ 1.9 (n ϭ 163) compared with an average response of 8.3 Ϯ 1.5 (n ϭ 60) in embryos injected with Scn1bbCTL ( p Ͻ 0.001; ANOVA).
ion channel complexes as well as CAMs, the latter reflecting a possible ion conduction independent function.
Discussion
In contrast to mammals, zebrafish express at least two ␤1-subunit genes, scn1ba and scn1bb. Our results inform about the evolutionary origins of the two zebrafish scn1b genes and identify potential novel roles for the newly discovered scn1bb gene.
Differential expression of scn1ba and scn1bb supports functional subdivision of the roles of an ancestral SCN1B gene In mammals, a single ␤1-subunit gene, SCN1B, exists that is expressed in a cell type and developmentally specific manner (Tong et al., 1993) . In contrast, zebrafish has two identified scn1b orthologs, scn1ba (Fein et al., 2007) and scn1bb (this study), that are located on different chromosomes. A large number of mammalian genes are represented twice in the zebrafish genome as a result of a large scale genome wide duplication event that occurred during teleost evolution ). Several models propose that duplicated genes were more likely to be retained throughout evolution if they underwent subfunctionalization (Lynch and Force, 2000; Lynch et al., 2001 ; Van de Peer et al., 2001 ). The differential expression patterns of scn1ba (principally in excitable cells) and scn1bb (present in excitable and nonexcitable cells) supports functional subdivision of SCN1B function in the teleost lineage.
Shared functions of zebrafish SCN1B paralogs
Similar to Scn1ba, Scn1bb protein localizes to excitable cells (e.g., RB and other spinal cord neurons; supplemental Fig. 2 , available at www.jneurosci.org as supplemental material). Previous work indicated that Scn1ba plays a conventional ion channel associated function and modulates Na ϩ currents (Fein et al., 2007) . We found that Scn1bb also modulates Na ϩ currents. However, two interesting differences exist between the electrophysiological effects of the two duplicated zebrafish genes. First, a small but significant noninactivating Na ϩ current was observed in the presence of Scn1ba, while Na ϩ current inactivated completely in the presence of Scn1bb. Second, Scn1ba and Scn1bb had different effects on the extent and rate of recovery from inactivation. These findings add further support to the view that subdivision of an ancestral SCN1B gene function occurred in the teleost lineage. Of the two duplicated genes, scn1bb is the most similar to Scn1b in terms of current modulation and the amino acid sequence of Scn1bb shares greater identity with Scn1b than does Scn1ba. We have proposed previously that differences in the ␤ strands, especially the presence of proline residues, of the Ig loop domain of Scn1ba may be responsible for its different observed effects on channel modulation (Fein et al., 2007) .
Novel functions of Scn1bb
In addition to excitable cells, Scn1bb protein also localizes to several different types of nonexcitable cells including oligodendrocytes, Schwann cells, lateral line neuromasts, epithelial cells of the pronephros, cells of the olfactory epithelium and inner ear supporting cells. Similarly, in mammals, optic nerve astrocytes and Schwann cells express Scn1b Waxman, 1994, 1995; Oh et al., 1997) . Scn1bb distribution is reminiscent of that of the ␤2-subunit of Na ϩ /K ϩ ATPase (AMOG) in excitable and nonexcitable cells (Xiao et al., 1999) . AMOG functions both as a CAM involved in neuron-glia interactions and as a member of the Na ϩ /K ϩ ATPase ion transport complex (Müller-Husmann et al., 1993) .
Although Na ϩ currents have been recorded from immature oligodendrocyte precursors in culture (Glassmeier and Jeserich, 1995; Williamson et al., 1997; Bernard et al., 2001) , Na ϩ currents are not detected in oligodendrocytes recorded from identified glial cells in hippocampal slices (Sontheimer and Waxman, 1993) , suggesting that Na ϩ channel ␣-subunits are not expressed in mature, myelinating oligodendrocytes in vivo. A recent report suggests two classes of spiking and nonspiking oligodendrocyte precursor cells, resulting from differential expression of TTX-S Na ϩ currents (Káradó ttir et al., 2008) . Oligodendrocyte precursor cells lose Na ϩ current expression as they mature, such that no currents are detected in myelinating oligodendrocytes (Sontheimer et al., 1989; Káradó ttir et al., 2008) . Costaining of optic nerve sections with anti-Scn1bb and pan-Na ϩ channel ␣-subunit antibodies showed the absence of Na ϩ channel ␣-subunits but the presence of Scn1bb in the myelin sheath. These results provide evidence that Scn1bb is expressed in the myelin in the absence of the ion-conducting pore. As discussed further below, we propose that Scn1bb functions in myelin as a CAM involved in neuronglia interactions.
In mice, deletion of Scn1b in vivo results in everted paranodal loops in a subpopulation of CNS nodes of Ranvier , disrupted cerebellar granule neuron migration, and aberrant fasciculation of corticospinal tract axons (Brackenbury et al., 2008b) . These data support a role for Scn1b in CAM complexes involved in forming septate-like junctions linking the myelin sheath to the axonal membrane, regulating growth cone migration, and mediating axonal fasciculation (Brackenbury et al., 2008a) . In support of this idea, we found that knock-down of Scn1bb led to defects in the extent of branching of motor neuron axons (Fig. 8) . Further, we did not detect Scn1bb protein in the motor neurons themselves but rather in Schwann cells that ensheath peripheral motor axons. These results suggest that Scn1bb influences motor axon morphology noncell autonomously. Similarly, previous studies revealed a noncell autonomous role for the sodium channel ␣-subunit in regulation of motor axon development (Pineda et al., 2006) .
In the olfactory epithelium, supporting cells envelop OSNs and adhere to each other via a complex that includes adherence junctions and desmosomes (Hansen and Zielinski, 2005; Hegg and Lucero, 2006) . We detected Scn1bb in these supporting cells (Fig. 3F ) . Knock-down of Scn1bb produced defects in the morphology of the olfactory nerve as it formed in the olfactory pit. The defasiculated appearance of the olfactory nerve in Scn1bb morphant embryos (Fig. 8) further supports a CAM role for the subunit in supporting cells of the olfactory epithelium. Inner ear supporting cells also express Scn1bb. We found that knock-down of Scn1bb led to a ϳ30% increase in hair cell number (Fig. 8) .
Whereas the underlying mechanism is not obvious, one possibility is that lack of Scn1bb interferes with apposition of inner ear cells that is required for proper Notch signaling and specification of the appropriate number of hair cells (Kelley, 2003; Kiernan et al., 2005) . Because reductions in electrical activity are not thought to be sufficient to alter neuromast patterning in the zebrafish lateral line (Grant et al., 2005) , it is possible that Scn1bb-mediated cell adhesive interactions and not Scn1bb-mediated modulation of channel activity is responsible for the observed phenotype. Together, our findings support a CAM role for Scn1bb in supporting and epithelial cells in the absence of the Na ϩ channel ion-conducting pore.
Na
؉ channel ␤1-subunits are multifunctional In mammals, Scn1b plays an essential role during development of the mammalian CNS in vivo (Brackenbury et al., 2008b) . The cerebella of Scn1b null mice exhibit disorganized, defasciculated parallel fibers as well as abnormal cerebellar granule neuron axonal patterning through the molecular layer into the internal granule cell layer. These effects are similar to those observed in mice lacking the CAM contactin (Berglund et al., 1999) . In the corticospinal tracts of Scn1b null mice, we observed reduced fasciculation at the pyramidal decussation, with axons projecting laterally from the dorsal column, beyond the pyramidal decussation. These effects are also consistent with disrupted CAM interactions. In the present study, we report increased axonal branching of zebrafish spinal motor neurons in the absence of Scn1bb. Further, similar to macho, alligator, and steifftier mutants, Scn1bb morphant fish have significantly reduced touch sensitivity as well as reduced Na ϩ currents in RB neurons. Thus, we propose that Scn1bb serves multiple functions in the developing zebrafish nervous system: first, to regulate electrical excitability via changes in Na ϩ current, and second, to modulate neuronal pathfinding through cell adhesive interactions.
